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1 Introduction

The challenge of the EM accordion calorimeter is to measure the energy of
electromagnetic showers with a global constant term of about Ctot � 0:5o=oo
as quoted in [1]. As previously shown in [2], the lead plates actually put
in the ATLAS accordion calorimeter have a thickness which can 
uctuate
around the nominal value within a range �0:6% of the nominal value. These

uctuations lead to an increase of the energy constant term as studied in [3].
This contribution has to be smaller than 0.3 % if we want to be able to study
the channel h! 

 and have a chance to discover a very light Higgs boson.

In order to reduce the e�ects of lead thickness 
uctuation on the energy
resolution, a pairing process based on the fact that an electromagnetic shower
deposits its energy within 5 lead plates has been developped. This procedure
reduces by almost a factor two the contribution to the constant term coming
from lead thickness inhomogeneities. Nevertheless, the produced modules
have a residual plate to plate thickness 
uctuation.

The ideas and the method presented below intend to show that this resid-
ual e�ect on the constant term can be highly reduced from the knowledge
of lead plate thicknesses measured in the hall IN2P3 at Orsay during the
construction process.

2 Principles of the correction method

The leading idea is to take into account two basic physical e�ects :

� Five plates are seen by a single electromagnetic shower,

� the signal loss due to an increase by 1% of the lead thickness is respec-
tively 0:59%/0:47% of the nominal signal for a nominal lead thickness
of 1.53 mm/1.13 mm.

The last statement is coming from the simulation of the EM barrel Mod-
ule 0 made in Paris [4]. We have dedicated a special production of 4050
simulated EM showers with a \perfect" module but with a lead thickness 1%
uniformely above the nominal value. \Perfect" module is to be understood
as a module with no 
uctuation at all in its mechanics structure i.e. every
absorber is the same, every gap is the same, every cell sees the same high
voltage, etc... We have used 4050 showers initiated by 50 GeV electrons
in that con�guration and 4050 other coming from a simulation of a perfect
module with the nominal lead thickness 1:5mm. These electrons have been
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shot at � = 0:3 and in the � range [0:1; 0:3]. Figure (2) shows the recon-
structed energy in both cases. Using the mean values of the distributions or
the mean values coming from a gaussian �t made on these distributions lead
to an estimation of the energy loss of �A = �0:59%� 0:01%.

The same study has also been done in the 1:13 mm lead thickness part
at � = 1:1 as shown �gure (2) showing in that region a weaker dependance
�B = �0:44%� 0:01%.
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Figure 1: 50 GeV electrons (� = 0:3) reconstructed energy in a nominal lead
thickness module (right) and in a module with lead thickness 1% above the
nominal value (left).

The available information that we can use to correct the lead 
uctuation
e�ect is a precise measurement of lead plates which is available as a map of
about 70� 15 points per absorber.

The method applied to correct for lead thickness 
uctuation has three
steps :

1. the local lead thickness averaged over 5 plates is computed,

2. the obtained distribution is normalised to the nominal value,

3. the correction function is computed taking into account the local dif-
ference between the lead thickness and the nominal value.
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Figure 2: 50 GeV electrons (� = 1:1) reconstructed energy in a nominal lead
thickness module (right) and in a module with lead thickness 1% above the
nominal value (left).

3 Construction of the correction function

In order to study the power of this correction procedure, we have used a set
of simulation �les with 4050 50 GeV electrons interacting in a module with
a determined lead plate distribution shown in �gure (3.a) corresponding to a

at distribution with a relative width �e

e0
= 10% where e0 = 1:53 mm is the

nominal thickness.

This very large 
uctuation has been made in order to have a very large
e�ect on the recontructed energy distribution. All the electrons have been
generated at a �xed � = 0:3 and in the � range [0.1;0.3] to avoid energy
leakage due to the fact that we have a single module in the simulation.

The reconstructed energy 
uctuation induced by this lead thickness dis-
tribution is shown in �gure (4.a) as a function of the generated � angle of
the electrons.
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Figure 3: (a) Plot of lead plate thickness put in the simulation versus �
(�n =

2�
1024

� n where n is the plate indice in the module ; n 2 [1; 64]) in the
calorimeter, (b) Plot of mean lead plate thickness over 5 plates (computed
as explained in the text) versus n, (c) correction function versus �
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Figure 4: (a) Scatter plot of the reconstructed energy versus �gen for 50 GeV
electrons (b) Scatter plot of the corrected reconstructed energy versus �gen
for 50 GeV electrons

We construct the correction function following 4 steps :

1. We de�ne an array e(n) (n=1,..,64) containing all the individual lead
plate thicknesses

2. From e(n), an array �e(5)(n) of the mean thickness over 5 plates is com-
puted using a dedicated weighting for each of the 5 plates using the
formula :

�e(5)(n) =

n+2X

i=n�2

wi e(i)

n+2X

i=n�2

wi
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with 3 options (if n�i (with i = 1; 2) is not in the range [1,64], wi = 0):

A- wn�2 = 0, wn�1 = 0, wn = 1, wn=1 = 0, wn+2 = 0

B- wn�2 = 1, wn�1 = 2, wn = 3, wn=1 = 2, wn+2 = 3

C- wn�2 = e
�2

2�2 , wn�1 = e
�1

2�2 , wn = 1, wn=1 = e
�1

2�2 , wn+2 = e
�2

2�2

where � = 1:67 is the sigma in number of gaps (or equivalently of
plates) obtained from a gaussian �t of the EM energy deposited in
the accordion calorimeter for electrons shot at a given (�, �) point as
explained in [3].

3. We compute the correction function fcorr(�n) for each �n with the fol-
lowing formula :

fcorr(�n) =
1

( �e
(5)(n)
e0

� 1)� �A + 1

For a random �, we determine n such as �n < � < �n+1 and we make
a linear interpolation of fcorr(�) between fcorr(�n) and fcorr(�n+1).

Figures (3.b) and (3.c) present respectively �e(5) and the correction function
in the (C) case obtained from the lead plate thickness distribution used in
the simulation. The corrected energy is then presented �gure (4.b), showing
a very good correction of the � inhomogeneities. The corrected energy is
obtained with the following formula :

Ecorrected
rec =

Erec

fcorr

Here, Erec is already corrected from the usual � modulation as explained in
the reference [4].

4 Application to the Module 0 lead plate dis-

tribution

In order to validate the method and to evaluate the e�ect on a realistic lead
plate distribution, we have simulated a module with the e�ective plate thick-
ness of the real Module 0. The plate distribution that we used is presented
�gure (5.a) as a function of the � angle.

We have triggered 4050 electrons in that simulation at a �xed � = 0:3 and
in the � range � 2 [0:1; 0:3]. We have then applied the same procedure as
explained in [4] to extract a relevant evaluation of the sampling and constant
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Figure 5: (a) Plot of lead plate thickness put in the simulation versus �
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1024
� n where n is the order indice in which they are put in the

module and is in the range [1; 64]) in the calorimeter, (b) Plot of mean lead
plate thickness over 5 plates (computed as explained in the text) versus n,
(c) correction function versus �. This lead plate thickness distribution is the
one of the Module 0 built up in Orsay last year.
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term of the module 0 taking into account the residual usual � modulation
and the lead plate thickness modulation.

Figure (6.a) shows the results obtained when only the usual � modulation
correction is applied. We end with a constant term of 2:9o=oo � 0:2o=oo and a
sampling term of 7:76%� 0:08%.

Figures (6.b), (6.c) and (6.d) show the results obtained when a correction
taking respectively into account :

� thickness of lead plate which is the closest to the generated direction
of the electron (option A),

� thickness of the 5 plates with a triangle shower shape (option B)

� thickness of the 5 plates with a gaussian shower shape (option C).

One can see that as soon as one of these corrections is applied the constant
term is highly reduced below 3:o=oo and that the sampling term stays the same
(7:76%� 0:08%) within the statistical errors of the perfect case.

Option C gives the best constant term as expected but the di�erence be-
tween option A,B and C is not large and stays in the error bar. Nevertheless,
as all these plots correspond to the same initial distribution of events, the
di�erent plots are highly correlated. Thus we can infer that the improvement
of the constant term from option A to C is real. This is con�rmed also by
the evolution of the �2 of the di�erent �ts which favors undoubtly option C.

The best result that we obtain is then a sampling term of 7:76%� 0:08%
and a constant term of 2:8o=oo � 0:2o=oo.

This result must be compared to the case of a perfect module with no
lead 
uctuation. This case has been studied in great details in the reference
[4] where the constant term is found to be Cperfect = 2:5o=oo� 0:17o=oo whereas
the sampling term is Aperfect = 7:89%� 0:08%.
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Figure 6: (a) Extraction of the constant term with no correction of lead
thickness 
uctuation, (b) Extraction of the constant term with the correc-
tion function with option A, (c) Extraction of the constant term with the
correction function with option B, (d) Extraction of the constant term with
the correction function with option C. P1 is the sampling term and P2 the
constant term.

9



5 Correction of a thickness step in the barrel

calorimeter

The pairing program has been designed to perform a continuous pairing over
the full half barrel. Nevertheless if an unfortunate event would destroy the
homogeneity of the mean thickness, we would have a step function in the
calorimeter of small amplitude due to the high quality lead used.

In order to test our capability to correct for such an e�ect, we have
designed a toy distribution with a thickness step just in the middle of the
simulated module (� = 0:2). The thickness of the �rst 32 plates is 1:520 mm
whereas the thickness of the last 32 plates is 1:540 mm as shown �gure (7).
This �gure shows also the corresponding correction function computed as
explained above.

Figure (8) shows the �t of �Erec
Erec

versus �gen in two cases. The �rst (a)
plot corresponds to the situation where no correction for lead thickness 
uc-
tuation is applied, the correspond constant term is found to be 0:34�0:02%.
Corrected with the function corresponding to option C, the constant term is
drastically reduced to 0:26� 0:02% almost at the level of the constant term
of a perfect module i.e. without any lead thickness 
uctation (as shown in
reference [4], Cperfect = 0:25� 0:017% ).
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Figure 8: (a) Extraction of the constant term with no correction of lead
thickness 
uctuation, (b) Extraction of the constant term with the correction
function with option C.
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Figure 7: (a) Plot of lead plate thickness put in the simulation versus � in the
calorimeter, (b) Plot of mean lead plate thickness over 5 plates (computed
as explained in the text) versus n, (c) correction function versus �.
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6 Conclusion

We have shown that the knowledge of the local thickness of each lead plate
put in the calorimeter can be used to correct the reconstructed energy in
the calorimeter from lead plate 
uctuations. We have described the method
used and we have presented an evaluation of the eÆciency of this correction
method using a simulation of a module with a realistic lead plate distribu-
tion taken from Module 0 construction data. We obtain a sampling term of
7:767% � 0:08% and a constant term of 2:8o=oo � 0:2o=oo. This constant is to
be compared to 2:5o=oo� 0:17o=oo which was obtained from the simulation of a
perfect module as reported in [4].

The total constant term is the sum of di�erent terms coming from inde-
pendant sources of inhomogeneities among which the more important are :

� the � asymetry coming from the non exact compensation of X0 depth
around the bends in the accordion shape,

� the lead plates thickness 
uctuations coming from the �nite resolution
of the laminating process (� � 10 �m),

� the intercalibration between modules,

� the electronic inhomogeneities of each channel

So the constant term can be written :

Ctot = Caccordion � Clead � Celectrodes � Celectronics � Cintercalibration � : : :

In the present note, we investigate the relation between the �rst two terms.
All the other terms were put to 0 in the simulation. From the \total" constant
term of 2:8o=oo � 0:2o=oo obtained, we can quote a value coming from the lead
thickness 
uctuation :

Clead = 1:2o=oo

Even the improbable contribution from a step of the lead thickness has been
investigated and has been found to be easily corrected to a residual value
which should not be seen in the data.
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Introduction

The thickness measurement of the lead plates, which enter in the construction of the elec-
tromagnetic barrel calorimeter module 0, exhibits small relative variations as we compare
real thickness and nominal value [1]. This contributes to increase the constant term value
of the energy resolution of the calorimeter. In order to reduce this contribution, a mathe-
matical algorithm has been used to sort and pair the lead plates during the construction
of the module 0 [2].
In this note, we estimate, by using a simulation of the module 0 (using DICE), the impact
of the lead plate thickness variations on the constant term value of the electromagnetic
barrel calorimeter energy resolution. We also estimate the lead plates thickness variations
contribution to the constant term value of the module 0.
In the �rst section, we present our module 0 simulation (using DICE) which is largely
based on the program written by G. Parrour and P. Petro� hereafter referred as "Parrour-
Petro�" description and intended for module 0 simulation. Our main modi�cation was,
in order to take into account the e�ect of the lead plates variations, the modi�cation of
the absorber description.
In a second section we present the "dead material" and �-modulation studies for an "ideal"
calorimeter (i.e., without lead plates thickness 
uctuations).
In the third section, we present the simulation context and the di�erent samples we con-
sider in our analysis.
Finaly, in the last section, we point out our results on the study of the constant term
evolution as a function of the lead plates thickness 
uctuations. We also show the results
for the module 0 using the real map of the lead plates thickness.

1 Module 0 design and implementation

In this section, we present the test beam experimental setup implementation in DICE as
it was done in the Parrour-Petro� description; we have used the same implementation for
our study. We also present the di�erences between the calorimeter module description
made by G. Parrour and P. Petro� and our description.

1.1 Test beam experimental setup design and implementation

in DICE

The experimental setup used for the module 0 simulation (see �gure 1) was designed
by G. Parrour and P. Petro�. It takes into account all the volumes which enter in the
test beam setup, i.e., the aluminum walls of the cryostat, the foam which is used to
reduce the liquid argon thickness seen by incident particles, the preshower detector and
the calorimeter module. Figure 2 shows the implementation diagram of all these volumes,
and table 1 gives their descriptions as they were speci�ed by the authors.

1.2 Calorimeter module description for GEANT simulation

The Parrour-Petro� geometry is a precise description of all the volumes which enter in
the composition of the module 0. The calorimeter structure and the volumes descrip-
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CENT

ELAM

ECAM

FOMA

COPH

CRWA

CRWB

Figure 1: experimental setup layout as simulated in DICE

Figure 2: experimental setup implementation in DICE

tion are given in appendix 1; the ACCG bank which gives all the parameters entering in
the calorimeter description is described in appendix 2. In this geometry, absorbers are
designed as individual volumes made of a mixture, "thinabs" (for thin lead plates) or
"thickabs" (for thick lead plates), which is a mixing of lead, stainless steel and glue.
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volume name volume description volume material

CENT Calorimeters Mother volume Vacuum
FOMA foam volume foam

ELAM LAr mother volume for presampler and accordion liquid argon
ECAM accordion volume with electronics, g10 frame, ... liquid argon
COPH half of COPS but is ok for modul0 liquid argon

CRWB volume of cryostat cold wall aluminum
CRWA warm wall of cryostat aluminum

Table 1: experimental setup in the Parrour-Petro� volumes description

In our description, in order to take into account the lead plate thickness 
uctuations,

Figure 3: Absorbers corners and plates description in our geometry :

absorbers are described as an addition of two di�erent volumes. Figure 3 shows this struc-
ture: lead plates (VVAR for 1.1 mm thick lead plates; UUAR for 1.5 mm) are inserted
into "prep" boxes (CARN for 1.1 mm thick lead plates; DDAR for 1.5 mm) which are
made of stainless steel and glue. The densities of these boxes mixtures depend of the
theoretical lead plates thickness as it is shown in table 2. Then, for a thick lead plate,
the density of the "glue+stainless steel" boxes is bigger than for a thin lead plate (due to
the relative higher amount of stainless steel in the mixture).
The positioning order has been done, for the CARN volume (for example), as follow:

1. put DDAR in CARN (the volume occupied by DDAR is made of thinprep)

2. put VVAR in CARN (the volume occupied by VVAR is made of lead)

3. put UUAR in DDAR (the volume occupied by UUAR is made of lead)

The positioning for the CORN and CELD volumes was made in the same way. Using
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volume volume volume material materia

name description material components density

64�CARN round corner upper glue+stainless steel thikprep H + C + O + Fe 3.705
DDAR upper round corner thick absorber thinprep H + C + O + Fe 5.235

UUAR 1.5 mm Pb corner lead Pb 11.35
VVAR 1.1 mm Pb corner lead Pb 11.35

64�CORN round corner down absorber thikprep H + C + O + Fe 3.705
BBOR down round corner thin glue+stainless steel thinprep H + C + O + Fe 5.235

WWOR 1.5 mm Pb corner lead Pb 11.35
XXOR 1.1 mm Pb corner lead Pb 11.35

64�CELD glue+stainless steel box thikprep H + C + O + Fe 3.705
XELD innermost glue+stainless steel trap thinprep H + C + O + Fe 5.235

YYEL 1.5 mm Pb plate lead Pb 11.35
ZZEL 1.1 mm Pb plate lead Pb 11.35

Table 2: Absorbers corners and plates volumes description in our geometry.

this positioning order, we are ensured that the volumes get the right material in the right
place.

With this simulation we are able to study the \perfect module" with no lead 
uctua-
tion. In that model, as the total absorber thickness is set, increading the lead thickness is
equivalent to decrease the stainless steel plate thickness and not only the glue thickness.
So, to study the lead thickness 
uctuation, we adapted this simulation using 3 volumes
instead of two to describe lead, prepreg and stainless steel. Using this geometry, we are
able to modify the lead thickness, leaving constant the absorber thickness and the gap
thickness.

2 Setup detailed study

We discuss here a radiation length (X0) and absorption length (�I) detailed study of the
simulated setup. We �rst compare the Parrour-Petro� geometry description, then we look
at the contribution of the "dead matter" in front of the calorimeter. In a last part, we
discuss the several calibration corrections we have to apply to the measured energy.

2.1 Comparison with Parrour-Petro� description

In order to check for any bias in our geometry description, we made, in a �rst step, a com-
parison between the Parrour-Petro� geometry and our description where all lead plates
are 1.5 mm and 1.1 mm thick. Figure 4 shows a comparison between both descriptions.
The results point out no major di�erence between both distributions. Figures 4.c and
4.d give �X0 = 0:04 and ��I = 0:012. The fact that absorbers are not homogeneous
volumes in our description where incident particles see much more density materials when
they cross the lead plates can certainly explain the observed di�erences.
After this check, we believe in our geometrical description and then, in the following, all
the distributions shown will be obtained with our geometrical description.
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a) b)

c) d)

Figure 4: Comparison between Parrour-Petro� geometry and our description; top: radi-
ation length a) and absorption length b) in Parrour-Petro� description (dashed surface)
and our description (undashed) at � = 0:3; bottom : di�erence between both descriptions
for radiation length c) and absorption length d).

2.2 Setup contribution to the radiation length

In this section, we estimate the radiation length (and the absorption length) contribution
coming from the setup design, in order to point out a �-dependence of the correction we
will have to apply to the data.
In the setup implementation, three di�erent volumes can contribute to the increase of
the calorimeter radiation length: the two aluminum walls of the cryostat and the foam
volume in front of the calorimeter.
In section 2.2.1, 2.2.2 and 2.2.3 we present the contribution respectively of the walls, of
the foam and all together. In order to do this, we had to sligthly modify the experimental
setup as it is shown in appendix 3. The main result is the observation of a �-dependence
of the X0 amount coming from the "dead matter" in front of the calorimeter.
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2.2.1 Aluminum walls contribution to the radiation length and to the ab-

sorption length

In this section, we present the contribution which comes from the aluminum walls. Figure
5 shows the radiation length and the absorption length seen by incident particles with
and without the two aluminum walls.

a) b)

c) d)

Figure 5: Comparison between experimental setups with and without the two aluminum
walls; top: radiation length a) and absorption length b) in the "without walls" con�g-
uration (dashed surface) and the "with walls" setup (undashed) at � = 0:3; bottom :
di�erence between both con�gurations for radiation length c) and absorption length d).

Figure 5 shows a large contribution (between 1.1 and 1.3 X0, and between 0.25 and 0.3
�I) coming from aluminum walls. Due to geometrical e�ects, this contribution increases
with �.

2.2.2 Foam contribution to the radiation length and to the absorption length

In this section, we present the X0 and �I contributions coming from the foam volume.
Figure 6 shows the radiation length and the absorption length seen by incident particles
with and without the foam volume.
Figure 6 shows a smaller additive amount of X0 coming from the foam volume when one
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a) b)

c) d)

Figure 6: Comparison between experimental setups with and without the foam volume
(without aluminum walls for both); top: radiation length a) and absorption length b) in
the "without foam" con�guration (dashed surface) and the "with foam" setup (undashed)
at � = 0:3; bottom : di�erence between both con�gurations for radiation length c) and
absorption length d).

compares it with the one coming from aluminum walls contribution. Added X0 at � = 0:
is a factor 1.3 bigger than at � = 0:4. This �-dependence is shown in �gures 6.c and 6.d.

2.2.3 Foam + walls contribution

In the two precedent sections, we have seen the "dead material" contribution (to the total
absorption length and radiation length) coming from aluminum walls and foam volume
individually.
In fact, we are interested in looking at the whole "dead material", i.e. aluminum walls
and foam volume together. This is the purpose of the present section.
Figure 7 shows the radiation length and the absorption length with and without dead
material in the front of the calorimeter.

As it could be expected, we observe a large �-dependent contribution coming essen-
tially from the aluminum walls.
Looking at �gure 7.c, we observe X0(� ' 0:4)=X0(� ' 0:1) ' 1:3. Such a result should
be observed on the data energy distribution.
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a) b)

c) d)

Figure 7: Comparison between experimental setups with and without foam+walls; top:
radiation length a) and absorption length b) in the "without foam+walls" con�guration
(dashed surface) and the "with foam+walls" setup (undashed) at � = 0:3; bottom :
di�erence between both con�gurations for radiation length c) and absorption length d).

2.3 Lead thickness dependence of the calorimeter response

As in the rest of this paper, we will be interested by the e�ect of lead 
uctuation, we want
�rst to remind the global e�ect of a change in the lead thickness. Using the simulation
program for di�erent lead thicknesses, it has been found that the signal loss due to an
increase by 1% of the lead thickness is respectively 0:59%/0:47% of the nominal signal for
a nominal lead thickness of 1.53 mm/1.13 mm. This study is described in details in [3].
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3 Simulation and analysis procedure

In order to achieve the studies of dead materials in the Test Beam set up, we have studied
within ATLSIM the structure of volumes implemented in order to identify the possible
dead materials. Using ATLSIM, we have pro�led the � distribution of X0 for di�erent
dead materials. Then, using the DICE framework we have generated several data �les
with or without the main dead material, i.e. the aluminum wall of the cryostat. We have
simulated at 50 GeV two samples with respectively 4000 events with the wall and 3500
without it.

After the dead material e�ect analysis, we have begun the study of lead thickness

uctuations. The simulation program used to simulate the lead 
uctuation e�ect has a
true description of volumes present in the EM Accordion calorimeter, namely one stainless
steel volume, one prepreg volume and two lead volumes (one for each lead thickness).
This simulation program was fully tested within the ATLSIM framework. As the real
high precision data, coming from measurement of lead plate thickness achieved at Hall
IN2P3 at Orsay [2], is showing thickness distributions with non-gaussian shape, we choose
to implement in our simulation lead plates distributed using an uniform law. This law is
well adapted to the Module 0 lead plate distribution which is presented on the �gure 8.
With that approach, our results enable to quote a conservative bound on the contribution
of lead thickness 
uctuations to the energy constant term of the EM calorimeter.
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Figure 8: Module 0 lead plates thickness distributions for both (a) 1.13 mm and (b) 1.53
mm regions. These distributions are not gaussian and are well approximated by a uniform

In order to achieve detailed studies of thickness 
uctuations, we have simulated large
samples of events for di�erent energies and di�erent amplitudes of thickness 
uctuation.
We used 5 energies, 20, 50, 100, 200 and 300 GeV and 5 
uctuation amplitudes, �5

eth
=

0%; 1:118%; 2:236%; 3:354% 4:472%,where �5

eth
is the 
uctuation of the mean thickness

calculated over 5 consecutive plates. The number of 5 plates was determined because it
is the number of plates over which an electromagnetic shower spreads most of its energy
in the EM calorimeter. The 
uctuation amplitude on the lead thickness is about 0:6% in
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the real data acquired with the ultra-sound system implemented in Orsay and used when
lead plates are stacked before being used in the calorimeter.

We have chosen to use large 
uctuations to be able to extract the contribution of
lead thickness 
uctuation to the constant term from the total constant term itself with a
limited statistics of few thousand events. For each �5

eth
con�guration, we have simulated

about 12500 events given in the following table :

Energy (GeV ) 20 50 100 200 300
# of events 4000 4050 1600 1600 1122

These events were simulated with � 2 [0:1; 0:3] at � = 0:3 which is in the 1:53 mm
thickness region of the calorimeter. In fact, we have also done the same analysis scheme
done at � = 1:1 which is the 1:13 mm thickness region. We won't describe this second
analysis in details here as we followed the same way as for the � = 0:3 case. Neverthe-
less, we will quote the results in the dedicated section. The number of simulated events
decreases with energy because the higher the energy the more secondary particles to be
simulated, so the more CPU consumption. These events were produced by batches of 80
to 250 events each. For each batch, the plate distribution was changed in order to have a
representative idea of what could be the constant term over the whole calorimeter made
of 32 modules.

On top of these events, we simulated 8200 events with the perfect geometry within a
very restricted � ([0.2; 0.225]) domain to study the �modulation and obtain the correction
function which is periodical over the full calorimeter. All together, we have simulated
about 130 000 electromagnetic showers to make all the studies presented in this note.
We used electrons as incoming particles. The simulation was done using the CCPN/IN2P3
computing power.

3.1 Data corrections

Before doing a �ne analysis on the contribution of lead thickness 
uctuations, we have
to be able to reconstruct the energy as better as possible in the calorimeter. As we
wanted to extract a very precise physical e�ect, we used the setting of the Module 0
DICE simulation where the energy is distributed accordingly to the true lost energy given
by GEANT i.e. without using current maps around the electrodes to describe the true
migration of electrical charges produced in the liquid argon to the kapton electrodes.

Our �les were simulated without electronic noise and we worked without clustering.
As we had one EM shower by event, we considered the sum of all the cells of the module
to be the energy of the incoming particle. As we did not use any clustering, we used the
� of the incoming particle given by the GEANT KINE bank.

3.1.1 "Dead matter" contribution correction

Using ATLSIM, we have shown that the bigger contribution to energy resolution coming
from dead material should come from the aluminumwall of the cryostat. We have analysed
carefully how this contribution of dead material could be seen at the reconstructed energy
level. The main result of this analysis is that the wall should give a very light asymetry
in � in the test beam data. In the simulation, we have observed a relative normalisation
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of e�ect of about 1:5 10�3. The phi distribution of Erec

Egen
is shown for electrons of 50 GeV

with and without the aluminum wall of �gure 9. The vertical scale is expanded since
the whole scale of the plot is between �5o=oo. We see that the wall enlarges the shower
initiation and so produces some lateral energy loss at the order of 0.2o=oo. Morevover, after
a careful check, we conclude that the e�ect in the real Test Beam set up should be even
smaller because the actual wall is slightly thinner than in the simulation model.

Erec

Egen

�

Figure 9: � distribution of Erec

Egen
for (open circle) the module 0 without the cryostat wall

and for (closed circle)the module 0 with the wall. The observed e�ect can reasonably be
interpreted as follows : the wall opens slightly the showers when they are initiated in it
and so the shape that is observed with the wall shows a very small leakeage e�ect that
is not present without the wall. The � dependence of the reconstructed energy is then
insentitive to the inhomogeneities of cryostat wall matter and we are only sensitive to an
earlier showering due to the wall existence. This e�ect of the order of 1o=oo is very small
and should be hardly seen in the test beam data.

3.1.2 �-modulation correction

The accordion shape was designed to have a perfect � symetry. But because of the
impossibility to make very sharp bends with the lead, the compensation between the
di�erent lead thicknesses is not perfect and varies with �. Since the non compensation
pattern is periodical over the whole calorimeter, we have restricted the initial electrons to
be in the range � 2 [0:2; 0:225] which corresponds to about 4 consecutive absorbers which
is enough to see the periodical pattern. So we could have quite a large statistics per �
bin without simulating a huge number of events. Figure 10 shows the � modulation of
the integrated argon thickness along a small � range. Figure 11 shows in the upper left
plot the residual � modulation of the radiation length over all the Module 0.
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The middle left plot shows the ratio Erec

Egen
as a function of �. The comparison with the

previous plot exibits the correlation between the two shapes. The Erec

Egen
asymetry can be

well �tted by the function :

Ecorr:

Emeas:

= f(�) = 1 + a + b sin(1024�+ �0)

+
63X
i=0

A exp

 
�

1

2�2

�
��

1

1024

�
�0 �

�

2
+ 2i�

��2!

The �t parameters that we obtained for a �2 = 1:3 (for 48 points �tted) are :

a = �0:17445� 10�1 � 0:15197� 10�3 b = �0:69112� 10�2 � 0:22459� 10�3

�0 = 1:5446� 0:13561� 10�1 A = �0:80117� 10�2 � 0:50344� 10�3

� = �0:37543� 10�3 � 0:22050� 10�4

Discussing the geometry of the simulation, we have seen previously that the descrip-
tion of the absorber as a single volume with an average mixing of stainless steel, prepreg
and lead was not giving the same number of X0 than the description with several volumes
describing individually the lead plates and the prepreg+stainless steel plates. We used in
the simulation the calibration constant coming from an analysis with the �rst con�gura-
tion of volumes with electrons of 50 GeV . Thus, it was predictable that these calibration
constants would not be precisely the good ones.

As the calibration constant are only depending on � and as we shoot electrons only at
� = 0:3, this appears on our data as an overall calibration constant that is taken care of
by parameter a. So our �-modulation correction function corrects also for the calibration.

We did not use 20GeV electrons to extract the modulation correction function because
as it can be observed on �gure 12, the linearity is not good for low energies. Using 20 GeV
energy would have lead to a bad estimation of the normalisation factor of the correction
factor discussed above. This re
ects the fact that the setting of the calorimeter calibration
was made to have the best energy resolution around 50-100 GeV as there is an interplay
between the linearity at low energies and the constant term around 50 GeV .
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Figure 10: � modulation of the liquid argon integrated thickness. Comparing this plot
with �g. 11 shows a nice correlation. The small shift in the � angle between the two plots
is due to the fact that the present plot was derived from a technical drawing of a module
for which it was not easy to de�ne � = 0 in the same way as in the simulation program.
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Figure 11: � modulation of radiation length in a part of a module. The top plots show
respectivly the modulation of the radiation length and absorption length as a function of
�. The middle plots show the energy response as a function of � for di�erent energies
of incoming electrons. The bottom plots show the remaining modulation after energy
correction.

14



3.2 "Ideal" calorimeter study

As a �rst step, we have investigated the constant term of the energy resolution for the
module 0 with a perfect geometry, i.e. without any 
uctuation of lead plate thickness.

3.2.1 Results : constant term evolution

The aim is to have a constant term smaller than 5 o=oo [4]. First we study the value of the
physical constant (i.e. without any clustering) coming from inexact compensation of the
phi modulation.

We used electrons of 20, 50, 100, 200 GeV to extract the constant term. Indeed,
300 GeV electrons give an EM shower which leaks into the hadronic calorimeter. In our
simulation of the module 0, we have no hadronic system, so it was not possible to correct
for this leakage. Using these events would then lead to an overestimation of the constant
term.

The result plot of the analysis is shown on �gure 12. The extraction of the constant
term was done in three steps :

1. Correction of the phi modulation,

2. for each energy, gaussian �t of the Erec distribution to determine �Erec
Erec

,

3. �t of �Erec
Erec

versus Egen with a 2-parameters function :

�Erec

Erec

=

s�
Ap
Egen

�2

+

�
C

�2

where A is the sampling term and C the constant term.

The sampling term and the constant term for the "ideal" module were found to be
A = 7:89� 0:08 % and C = 0:26� 0:02% for �2 = 1:02.
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Figure 12: energy resolution as a function of energy (left) for a module without lead plate
thickness 
uctuations; linearity (right) of the response as a function of energy

4 Study of samplings with lead plates thickness 
uc-

tuations

The �nal goal of this note is to study the evolution of the calorimeter energy resolution
constant term as a function of the lead plate thickness 
uctuations. As explained in
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([2],[1]), the correlation between the lead thickness 
uctuation and the constant term C

is very useful. We are interested in the evolution of C as a function of �(5)

eth
where �(5)

is the standard deviation of the mean lead thickness averaged over 5 plates. eth is the
nominal thickness of a single lead plate. We used the 5 following settings of 
uctuation
�(5)

eth
= 0%; 1:118%; 2:236%; 3:354% 4:472%.

4.1 Correlation between constant term and 
uctuations

To reach this result, we have done for each value of �(5)

eth
the same analysis than the one

explained for the \ideal" calorimeter (i.e. without lead 
uctuations) except that we did
the �t of �Erec

Erec
as a function of Egen with only one parameter (the constant term C). The

sampling term is taken to be the one obtained from the \ideal" case.
Figure 13 shows one example of �t corresponding to a thickness 
uctuation of 1:118%
whereas �gure (14) presents the results obtained for the constant term evolution when
di�erent energy corrections are applied. The upper left plot shows the evolution of the
constant term with the full analysis described applied. The upper right plot shows the
result of the same analysis for which we just applied a sine correction function (of the
same type as the one described in [5]) i.e. with no exponential correction. The bottom
plot presents the result obtained when no energy correction is applied.
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Figure 13: Example of �t corresponding to a thickness 
uctuation of �(5)

eth
= 1:118%

Each curve was �tted using the function :

C (%) =

s�
a
�(5)

eth
(%)

�2

+

�
b

�2

which is the expected error on a random variable which is a function of two uncorrelated
random variables. This function �ts the data well in each case. As far as the energy cor-
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rection is better, the b parameter is decreasing as expected but the slope given by the a
parameter is not modi�ed within the errors. This shows that 
uctuations of lead thickness
and the residual constant term coming from a non perfect compensation of �-modulation
are two uncorrelated sources of the energy resolution. The values of the parameters found
in the di�erent cases are at � = 0:3 :

Energy Correction
No Sinus Sinus+Gaussian

a (%) 0:534 0:531 0:530
Æa (%) 3:� 10�3 3:� 10�3 3:� 10�3

b (%) 0:462 0:319 0:26
Æb (%) 1:5� 10�2 1:9� 10�2 1:7� 10�2

The results quoted above correspond to the use of 300 GeV events for which a part
of the energy is leaking outside the EM-Calorimeter. Moreover, this e�ect is bigger than
expected in our simulation made within the Module 0 test beam set up because there
is no coil in front of the module, so electrons see about 2 X0 less than in the real atlas
set-up. If we use only energies from 50 to 200 GeV , the results are a bit better : a = 0:23
and b = 0:53 with errors of the same order as quoted above and a �2 = 0:97.

At � = 1:1, the same analysis lead to a term b = 0:44�0:01 whereas the sampling term
is found to be 10:5%. This is a nice feature that the lead thickness 
uctuation contribution
is smaller in the 1:13 mm lead thickness region than in the 1:53 mm region because the
laminating process gives the same tolerance on laminated lead thickness unrespective
of the nominal thickness. So the relative lead thickness 
uctuations are bigger in the
1:13 mm region (� 2 [0:8; 1:4]) than in the 1:53 mm (� 2 [0:; 0:8]).

4.2 Conclusion

First, the e�ect of dead material in the EM barrel test beam set up has been studied
showing that no signi�cant e�ect should be observed in the test beam data. Second, we
have established the relation between the constant term and the lead thickness 
uctuation
which was found to be at � = 0:3 :

C(%) '

s�
0:53

�(5)

eth
(%)

�2

+

�
0:26

�2

The contribution from lead 
uctuation at � = 1:1 (1:13 mm thickness region) is found
to be 0.44 instead of 0.53 at � = 0:3 (1:53 mm region). Using these �gures and the
available thickness data taken at Orsay, the Module 0 constant term can be computed
and we �nd that the contribution coming from lead thickness variations should be less
than 0:3 %[2]. The contribution of lead plate thickness 
uctuation to the constant term
is in good agreement with an analytical calculation presented in [6].
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Figure 14: Evolution of lead thickness 
uctuation contribution and residual contribution
to the constant term for di�erent energy correction. As expected, the less corrected
energy, the bigger residual constant term. Nevertheless, the contribution coming from lead
thickness 
uctuation is constant in each case showing that this e�ect is uncorrelated from
the other one. The right-bottom plot correspond to � = 1:1 with no energy correction.
The three other plots correspond to � = 0:3.
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Appendix 1 : The Parrour-Petro� description

In this section we present the calorimeter structure (see �gure 15) as it was de�ned by
G. Parrour and P. Petro� for their module 0 geometry description. In our geometry
description, we have taken the same structure except for the CARN, CORN, CELD
elements and their daughter volumes.

CENT ECAM

TELF

GTEN

TLAD

TLAB

GTEB

TLAR

STAC

TIPB

TIPG

TIPK

SLIC ALAC

CORN

CERE

CELD

CESE

CARN

CURE

ACOR

XELD

ACAR

Figure 15: Barrel Ecal tree struture in the Parrour-Petro� geometry description.

Tables 3 and 4 give the description and the materials used for each volume which enter
in the calorimeter structure. Again, in our calorimeter description, we have used the same
description except for the CARN, CORN, CELD elements and their daughter volumes.
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volume volume volume

name description material

ECAM accordion volume with electronics, g10 frame, ... liquid argon
TELF Electronics layer in front of crocodile lar elect
GTEN contains all frontal g10 bars GTEN
TLAD nose �lled with liquid argon liquid argon

64�TIPK extra piece of Kapton kapton
64�TIPG added piece of G10 GTEN
64�TIPB �rst piece of absorber thinabs

TLAB back nose �lled with liquid argon liquid argon
GTEB contains all g10 bars at back GTEN
TLAR Crown (tube) �lled with Liquid between eta=1.4 and 1.48 liquid argon
STAC �lled with liquid mother for absorbers and electrodes liquid argon

SLIC Crowns sliced in nsli slices in PHI direction |
14�ALAC crown - a kind of a cell |

64�CURE round corner upper electrode kapton
64�CARN round corner upper absorber thinabs

ACAR upper round corner thick absorber thikAbs
64�CESE 
at part of an odd electrode kapton
64�CELD absorber box thinabs

XELD innermost absorber trap thikabs
64�CERE round corner down electrode kapton
64�CORN round corner down absorber thinabs

ACOR down round corner thick absorber thikAbs

Table 3: barrel volumes description

material name material components material density

liquid argon Ar 1.4
lar elect CH2Ar 1.28
GTEN C8H14O4 1.8
kapton H + C + O + Cu 3.854
thinabs H + C + O + Pb + Fe 7.598
thikabs H + C + O + Pb + Fe 9.481

Table 4: barrel materials description
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Appendix 2 : the ACCG data bank

In this section, we present the ACCG bank which gives all the parameters entering in the
Parrour-Petro� calorimeter description.

fill ACCG ! geometry definitions

version = 1 ! version number

NBRT = 14 ! number of zigs+1

NCELMX = 1024 ! NCELMX nb of physical phi cells

IDELFI = 4 ! IDELFI electronic phi cell size

NSTAMX = 3 ! NSTAMX nb of samplings in depth

IRUNC = icour+1 ! IRUNC run cond. 1/2 = energy/current

ETACUT = 1.475 ! ETACUT barrel max eta acceptance

PHIGAP = 0.667 ! PHIGAP total gap thickness (PHI_view)

XCLA = 0.0 ! XCLA LAr clearance backward

DELETA = 0.0250 ! DELETA cell size in eta

ETACU1 = 0.8 ! ETACU1 1rst cut in eta

GAMMA = 1.430 ! GAMMA overlapping para. for geometry

NCEL_SL = nint(accg_NCELMX /16) ! un module = 22.5 degrees

ALFA = 360./accg_NCELMX ! ALFA angular aperture of a phi cell

PSI = accg_NCEL_SL*accg_ALFA ! elementary phi slice for geometry

THCU = 0.011 ! THCU electrode copper thickness

THFG = 0.021 ! THFG electrode kapton thickness

RINT = 0.278 ! RINT neutral fiber radius (absorber)

RCF = 0.278 ! RCF neutral fiber radius (electrode)

ZMIN = 0.5 ! ZMIN z min position

ZMAX = 315.0 ! ZMAX z max position

RMIN = 144.70 ! RMIN mini radius for mother 1rst elec.

RMAX = 200.35 ! RMAX maxi radius for mother

XLA1 = 0.0 ! XLA1 inactive LAr layer in copsgeo now

XLA2 = 1.0 ! XLA2 straight part of the massles gap

XEL1 = 2.3 ! XEL1 inner electronics

XEL2 = 0.0 ! XEL2 outer electronics in cryogeo now

XG10 = 2.0 ! XG10 G10 support bars in

XTAL = 1.3 ! XTAL LAr gap tail

XGSB = 2.0 ! XGSB G10 support bars out

XTIP_PB = 0.2 ! lead tip thickness

XTIP_GT = 0.8 ! G10 tip thickness

RHOMIN = 148.1934 ! RHOMIN

RHOMAX = 198.6387 ! RHOMAX

PHIIXT1 = -0.565761 ! PHIIXT(1)

PHIIXT2 = -0.603661 ! PHIIXT(2)

RCUT12 = 159.39 ! RCUT12 end of the first compartment tap.

RCUT23 = 186.61 ! RCUT23 end of the second compartment no tap.

COEP = 1.266 ! COEP tapering coef at eta>etacu1

ISEGME = 8 ! ISEGME eta segmentation (D1 design)

IFIGEM = 4 ! IFIGEM D1phi cell (i.e. nb. of elec.cell)

MDETA = 4 ! MDETA U_V eta segmentation

NDETA = 2 ! NDETA U_V natural granu. subdivision
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IWGEM = 3 ! IWGEM 1/2/3 1D/UV/both

PACHAM = 0.01 ! PACHAM pas des cartes courant (cm)

THPB = 0.150 ! THPB thin absorber lead thickness

THGL = 0.026 ! THGL thin absorber glue thickness

THFE = 0.04 ! THFE thin absorber iron thickness

TGPB = 0.110 ! TGPB absorber lead thickness

TGGL = 0.066 ! TGGL absorber glue thickness

TGFE = 0.04 ! TGFE absorber iron thickness

TAPER_1 = 6.0 ! TAPER_1 strips tapered at 6 X0

TAPER_2 = 24.0 ! TAPER_2 2-nd compartment tapered at 24 X0

RIN_AC = 150.0024 ! RIN_AC radius at which strips starts

ROUT_AC = 197.0482 ! ROUT_AC outer radius of active accordion

X0_INFRACC = 1.7 ! X0_INFRACC number of X0 in front of strips

RDIST_res = 0.7 ! RDIST_res radial distance for resor

DMIN_SEC3 = 2.0 ! DMIN_SEC3 minimal depth of 3-rd compartment

TOT1_X0 = 23.74 ! TOT1_X0 number of X0 for high density part

TOT2_X0 = 19.177 ! TOT2_X0 number of X0 for LOW density part

DENS_STEP = 0.8 ! DENS_STEP eta at which density changes

DENS_H = 2.137 ! DENS_H cm/X0 in high density region

DENS_L = 2.695 ! DENS_L cm/X0 in low density region

BEND1 = 152.1000 ! BEND1 radius of first accordion bend

BEND2 = 155.9659 ! BEND2 radius of second accordion bend

BEND3 = 159.7202 ! BEND3 radius of third accordion bend

Rhocen = {150.0024, 152.1000, 155.9659, 159.7202, 163.4566,

167.1019, 170.7433, 174.3067, 177.8757, 181.3753,

184.8873, 188.3362, 191.8024, 195.2099, 197.0482} _

! R coordinates for the centers of curavture

PHICEN = {+0.10619, +0.56959, -0.57320, +0.57653, -0.57970,

+0.58265, -0.58547, +0.58812, -0.59066, +0.59306,

-0.59538, +0.59757, -0.59969, +0.60171, +0.08083} _

! phi coordinates for the centers of curvature

DELTA = { 46.2025, 45.0574, 43.3446, 42.4478, 40.9436,

40.2251, 38.8752, 38.2915, 37.0608, 36.5831,

35.4475, 35.0556, 33.9977, 33.6767, 0.} _

! delta angle of zigs
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Appendix 3 : the testing geometry

In order to study radiation length and absorption length, we have used geantinos, GEANT's
particles which return the number of X0 and �I they see when they cross matter. When
using the Parrour-Petro� setup description, geantinos see all the matter which enter in
the composition of the calorimeter plus the foam in its back. In order to cancel this
unexpected contribution to the X0 and �I we had a new volume NFOA made of vacuum
as it can be seen in �gure 16.

NFOA
(vacuum)

FOMA

ELAM

CENT

CRWA

CRWB

COPH

ECAM

Figure 16: experimental setup layout as simulated in DICE to get correct radiation length
and absorption length
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Appendix 4 : the datacards (rundice.sh)

**********************************************

* INPUT file created by script rundice.sh :

* -----------------------------------------

**********************************************

C------DATACARD FILE for DICE version---

C

C ------------------------------------------------------------

C ------ Run number will be 999 -------------

C [1-2146] [1-999999] Combined to give single integer to ranlux

C RNDM 999 945944

RNDM 999 $seed

RUNG 999

C

LIST

C ----- TRAP handling has been added into SLUG -------------

TRAP 0 3 10 10 1 0 10 1 4 10

C ----- Monitoring report on monitor file (random numbers) -----

MONI 2

C ------ number of triggers to be processed and part. generation -----

TRIG $1

C

C GENERATE event: kine(2): electron=11, mu=13, pi=211 g=22 pi0=111

C PDG code EMin-Max EtaMin-Max PhiMin-Max E/Pt

KINE 0 $3 $4 $5 $6 $7 $8 $9 0.

VERT 0. 0. 0.

C*NEWV 'P' 10

C

C ----- SLUG/GEANT debugging parametrs/modes -------------

TIME 2=10. 3=1

DEBU 0 0 1

C DEBU 1 1 1

SWIT 0 2

C

C ---- digitization and simulation and analysis status

SIMULATION 1

DIGITIZATION 1

RECONSTR 1

ANALYSIS 1

OUTP 1

*BKIO 'O' 'RUNT'

*BKIO 'O' 'EVNT'

*BKIO 'O' 'KINE'

*BKIO 'O' 'HITS'

*BKIO 'O' 'DIGI'

C

C ------- GEANT TRACKING CARDS -----------------

AUTO 0

OPTI 2

DCAY 1

MULS 2
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PFIS 1

MUNU 1

LOSS 3

PHOT 1

COMP 1

PAIR 1

BREM 1

DRAY 1

ANNI 1

HADR 4

ABAN 0

C

C 100 keV as a first speed compromize

CUTS 1=.0001 2=.0001 3=.0001 4=.0001 5=.0001

C 10 keV as a second speed compromize

C CUTS 1=.00001 2=.00001 3=.00001 4=.00001 5=.00001

CUTS 6=.001 7=.001 8=.001 9=.001

CUTS 11=100.E-9

C--- SLUG filter etc...

C *TFLT 'ETAP' -2.5 2.5

C *DREV 'SLUG' 3 1 0. 0. 0. 1.0

C

C SIMU=1 for TRAC means save part of stack on KINE

*MODE 'TRAC' 'SIMU' 1 'HIST' 0 'PRIN' 0 'DEBU' 0 'RAND' 1

C Define: process Rmax Zmax Emin(parent) Emin(daughters)

*DETP 'TRAC' 2='DCAY' 3=110. 4=340. 5=10. 6=0.0

*DETP 'TRAC' 7='PAIR' 8=110. 9=340. 10=10. 11=0.0

*DETP 'TRAC' 12='BREM' 13=110. 14=340. 15=10. 16=1.0

C-----------------------------------------------------------------------C

C----GEOMETRY DEFINITION OF ATLAS (FULL LAR + COIL IN FRONT+ AIR T)----C

C-----------------------------------------------------------------------C

*MODE 'INIT' 'PRIN' 0

*MODE 'GEOM' 'PRIN' 1

*MODE 'DOCU' 'PRIN' 1

*MODE 'CLOS' 'PRIN' 1

*MODE 'DIGI' 'PRIN' 1 'RAND' 1

*MODE 'RECO' 'PRIN' 1

*MODE 'CONS' 'PRIN' 0

*MODE 'GENE' 'PRIN' 1 'RAND' 1

*MODE 'INPU' 'PRIN' 0

C Magnetic field

*MODE 'MFLD' 'GEOM' 0 'MFLD' 0 'PRIN' 0

C the atlas geometry

*MODE 'ATLS' 'GEOM' 1 'PRIN' 1 'GRAP' 0 'MFLD' 0 'DEBU' 1

*MODE 'PIPE' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1

*MODE 'CRYO' 'GEOM' 1 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'COIL' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

C Inner tracker - version 95-1 on (Morges layout)

*MODE 'PIXB' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'PIXE' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'SCTT' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'ZSCT' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0
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*MODE 'XTRT' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'INAF' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1

C calorimetry

*MODE 'CALO' 'GEOM' 1 'PRIN' 1 'RECO' 1

*MODE 'COPS' 'GEOM' 1 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 1 'RECO' 1

*MODE 'ACCB' 'GEOM' 1 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 1 'RECO' 1

*MODE 'ENDE' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 1 'RECO' 1

*MODE 'HEND' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 1 'RECO' 1

*MODE 'TILE' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 1 'DIGI' 1 'RECO' 1

*MODE 'FWDC' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 0 'SIMU' 0 'DIGI' 0 'RECO' 1

C muons

*MODE 'WBTO' 'GEOM' 0 'PRIN' 1

*MODE 'WFTO' 'GEOM' 0 'PRIN' 1

*MODE 'MUCH' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'FMUC' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'TGCC' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'RPCH' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

*MODE 'FCSC' 'GEOM' 0 'PRIN' 1 'GRAP' 0 'MFLD' 1 'SIMU' 1 'DIGI' 0 'RECO' 0

STOP

STOP
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Abstract

We present in this note the mathematical algorithms that have been used

to sort and pair the lead plates during the construction of the Module 0

of the Liquid Argon barrel calorimeter. This pairing is done to reduce as

much as possible the contribution to the constant term that arises from lead

thickness inhomogeneities. It is planned to use similar algorithms also during

the construction of the complete detector, for the same reason. In addition

to the pairing itself, we describe the physical considerations that have led us

to the choice of a particular class of algorithms. At the end, we show how

the chosen algorithm performs using the thickness data available for the lead

plates that have been used for the construction of module 0.





1 Introduction

The constraints that the expected performance of the Liquid Argon calorime-

ter places on the constant term are very stringent. From the Technical De-

sign Report [1], the goal is to have a total constant term amounting to 0.7%,

with the contribution of the mechanics (due to local non-uniformities of var-

ious origins : lead thickness variations, shape changes from one absorber

to its neighbours, gap variations appearing during the assembly of the ab-

sorbers, etc.) less than 0.3%. Most of the constant term due to these mechan-

ical causes is expected to be due to the lead thickness non-homogeneities, due

to the high variation induced locally on the collected charge by a local varia-

tion of the lead thickness : an increase of 1% in the lead thickness translates

into a 0.59% decrease of the induced signal [3].

In practice, it is extremely diÆcult to produce lead with 1% tolerance

on the thickness. A 1% tolerance, given the lead thicknesses we use (1.13

mm and 1.53 mm), represents a tolerated thickness variation of 10 to 15

microns. No lead provider is technically able to produce lead with such

small tolerances ; the company which is the closest to this number achieves

only 3% with no special equipment. This appears at �rst largely insuÆcient,

however, it is possible by using thickness informations, plate by plate, to

cope with the fact that the manufacturer cannot reach a tolerance of 1%

on the lead thickness. The main idea is to take advantage from the fact

that the electric charge generated by an electromagnetic shower is the sum

of the charges generated in the vicinity of several absorbers. In other words,

if at some place of the calorimeter there is an absorber whose lead is too

thin, the variation this would induce on the collected charge can be largely

compensated by placing close to this \thin" absorber an other one that is

too thick.

2 Thickness shape of the lead plates

The production process of the lead plates has been largely documented else-

where [4]. We will simply recall that the lead is laminated from lead blocks

of about 1 to 2.3 tons each and wound on big rolls, called \coils".

The �nal thickness is obtained after several (typically 7) passes. Since the

roller is an alternating, reversible system, the lead always passes through the

same rolls, whose separation is progressively reduced as the lead thickness

decreases. Since the lead is soft and the thickness decrease during the last

pass is of the order of 0:4 mm, i.e. much bigger than the highest thickness

variation along the whole roll, the force applied (' 1 MN) is suÆcient to

resorb all the inhomogeneities that have been created before, so we are left
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only with the ones created during the last pass. Thickness is measured on

the 
y using an on-line X-ray measurement system during this last pass.

Thickness measurements [4] and visual observation of the operation of the

roller have shown that thickness variations are due to :

� ellipticity of the rolls. This e�ect is more or less pronounced, depend-

ing upon the temperature (the e�ect decreases when the rolls get hot-

ter) and upon the relative phase of the rolls. This phase is unfortu-

nately random at the start of the processing of each roll and cannot

be changed. This leads to an oscillating thickness pattern of period

' 50� cm with an amplitude varying from a few �m to ' 40 �m.

� instabilities of the hydraulic sytem used to control the speed and torque

of the winding and unwinding rolls. This has been seen to lead also

to thickness oscillations of various periods and amplitudes but usually

less striking than the previous ones.

� parallelism defects in the positionning of the axes of the rolls with

respect to each other. This leads to an inclined thickness pro�le in the

r-pro�le of the plates, whereas the two previous causes only a�ect the

�-pro�les. This e�ect is typically of the order of a few microns along

the whole radius span of the calorimeter.

3 Implementation of the pairing system in

the IN2P3 hall

After being laminated, lead is cut into plates which are stored by boxes of

about 40 plates. The X-ray measurement made during the laminating pro-

cess gives information about the average thickness of plates within a box.

After this step, boxes are sent to IN2P3 hall in Orsay where they are stored.

Ideally, one could think of unpacking all the plates and building the ab-

sorbers by always choosing for the nth absorber the plates that \best match"

the absorbers previously built. By \best match", we mean \that will pro-

duce the most uniform local response". This criterion will be explicited more

precisely in the next sections.

Due to space limitations, only 8 heaps are possible (+2 heaps containing

the plates ready for absorber production. See �gure-1 which shows the prac-

tical organisation of hall IN2P3). Furthermore, the total plate weight (80 t)

is so large that it is not possible to unpack them all and stack them at once

over the 9 available heaps. The challenge is then to always supply lead with
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the most constant mean thickness as possible. For the module 0, this is not

a problem due to the limited number of plates needed to build it (2 � 64),

so that the storing system could load them all at the same time, its total

capacity being about 2 modules. For the production, the X-ray information

will be used to select which box must be unpacked in order to constitute the

heaps, so as to ensure a lead supply of long range constant average thickness.

When a plate is unpacked, its ultra-sound measurement is done. This

information is then put into a database which will be used for the pairing

process. After this measurement, the plate is stacked using a vacuum lift

mounted on a mobile deck.

4 General description of the pairing method

Despite a reasonable accuracy of the lead plate thickness achieved in the

laminating process (30 �m), plate to plate thickness 
uctuations cannot be

neglected. Reaching a contribution to the constant term as small as possible

(below 0:3% as required in the ATLAS TDR [1]) requires the build-up of a

plate to plate correlation able to smooth out the average thickness calculated

over the number of plates seen by an electromagnetic shower.

As soon as we have established this e�ective number of lead plates seen

by a shower, we have elaborated a way of pairing the plates based on a min-

imization principle taking into account the extremely constrained conditions

of lead manipulation in the hall IN2P3. Basically, as we can't move plates

except to use them to build an absorber, we have 9 possibilities for each kind

of plate (1.13 mm and 1.53 mm) to choose one. Thus, the pairing scheme

consists of the calculation of a choice function for each heap. At this step,

the work remaining to be done is to decide what is the best choice function.

This implies to contruct an estimator to test the di�erent choice functions

we could think about. The choice function has to be chosen to ensure the

most possible constant response.

As we cannot take the thickness measurements to put them into GEANT

and choose the combination that gives the most constant response (due to

obvious computing time limitations) we have to design choice functions and a

\response constantness evaluation function" that are more easily calculable,

as described in the next section.

The data we can use to contruct a choice function are the ultra-sound

measurements of each lead plate. These constitute a matrix of about 460 (63

in z � 15 in r) local thickness measurements taken over the whole surface of
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Figure 1: Schematic of the technical design of lead plates heaps in the IN2P3

hall. On the right hand side is represented the ultra-sound measurement sys-

tem. There are actually 10 heaps present ; the 10th is used as an intermediate

storing place, before placing the plates in their �nal stack.
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the plate for each of them. A schematic of the measurement matrix is shown

�gure 2.

Figure 2: Schematic of the measurement matrix available on each absorber

lead plates. The dashed lines delimit the 60 �-cells.

5 Actual implementation of the method

5.1 Number of plates seen by an electromagnetic shower

The build-up of the correlation that is supposed to ensure constant response

needs �rst the knowledge of the number of consecutive plates (absorbers)

over which the correlation has to be e�ective, i.e. the number of plates over

which an electromagnetic shower develops. The determination of the average

number of lead plates seen by an electromagnetic shower requires the use of

a detailed simulation of a module. We have used the dedicated version of

DICE done especially to simulate the Module 0 of the EM barrel done by

G. Parrour and P. Petro�. We have adapted this program in order to get the

energy deposited in each liquid Argon gap by a shower [3].

Looking at the distribution of this energy as a function of the gap num-

ber, we can get the e�ective number of gaps over which a certain fraction

of the shower energy is deposited. We have studied both electron and pho-

ton showers for energies between 10 to 100 GeV. We did not simulate higher

energy showers because above 100 GeV, leakage begins to be sizeable and be-

cause the most strigent requirements on the calorimeter resolution come from
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physical processes that involve photons or electrons of energies of ' 100 GeV

or less (H ! 

, H ! e+e�e+e�).

In order to get a robust result, we have changed in our simulation several

parameters that are likely to have an e�ect on the shower width. We have

studied also the e�ect of the pre-shower detector and established that it has

almost no e�ect at the level of precision we required. We have simulated

showers both in the 1.13 mm and 1.53 mm lead region. We also tested the

e�ect of the � inhomogeneities, shooting particles in between two absorbers

or directly in the \foot" of an absorber, i.e. in the G10 bar. None of these

e�ects were found to have a big e�ect on the shower shape. In each case, using

a gaussian �t of the energy pro�le of the obtained electromagnetic shower,

we obtained a �Ngap
, the standard width of a shower, located between 1.60

and 1.68 gap. The corresponding plots are presented on �gures 3 to 4. We

simulated 10 events for each case in order to save CPU time. However, we

checked that simulating 100 events does not change the result by more than

5%. As we are interested in determining an integer e�ective number of plates,

the precision that we obtained this way is large enough for our purpose.

According to the previous �t, we can deduce that the main part of a

shower energy is roughly deposited over 5 plates. This number of plates

is also the one which can be deduced from calculations made in [2]. We

choose then to make the matching in order to reduce 
uctuation of the mean

thickness over 5 plates.

5.2 Estimator of the pairing quality

As the �nal result we want to achieve is a smoothing of the mean thick-

ness over 5 plates, the natural estimator we can think about to evaluate the

constantness of the calorimeter response is the variance of this quantity cal-

culated along the whole module 0 using a sliding mean thickness calculation

over 5 plates since, at �rst order, the response is linearly dependent over the

thickness. This estimator can be written :

�(5) = RMS

�
�ei � en

�
all cells

where en is the nominal thickness of the lead plates and �ei is the mean

thickness over 5 plates of a de�ned cell i. This mean thickness is computed

from ultra-sound measurements of all points in the cell over the 5 plates.

The number of cells we have used is 60 as represented on �gure 2. We have

used this estimator in all the studies presented here.
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Figure 3: Energy deposited in each gap of the module 0 for a photon of 100

GeV emitted at � = 0:2 and � = 0:3 as a function of the gap number (1 to

64). The sigma obtained with a gaussian �t is 1:67 gap.

7



0

0.05

0.1

0.15

0.2

0.25

0 20 40 60

ID
Entries
Mean
RMS

             10
             64

  30.89
  2.903

  .1038    /    35
P1   .2350
P2   30.85
P3   1.594

φ=32,E=10 GeV,10 events

E
ne

rg
y 

by
 g

ap

0

0.05

0.1

0.15

0.2

0.25

0.3

0 20 40 60

ID
Entries
Mean
RMS

             10
             64

  31.36
  2.735

  .1051    /    36
P1   .2662
P2   31.35
P3   1.577

φ=32.5,E=10 GeV,10 events

E
ne

rg
y 

by
 g

ap

0

0.5

1

1.5

2

2.5

3

3.5

0 20 40 60

ID
Entries
Mean
RMS

             10
             64

  31.53
  2.991

  1.208    /    58
P1   3.484
P2   31.53
P3   1.679

φ=32.5,E=100 GeV,no PS,10 events

E
ne

rg
y 

by
 g

ap

0

5

10

15

20

25

30

0 20 40 60

ID
Entries
Mean
RMS

             10
             64

  31.43
  3.157

  10.18    /    59
P1   28.54
P2   31.48
P3   1.696

φ=32.5,E=100 GeV,zone 1.1

E
ne

rg
y 

by
 g

ap
(a) (b)

(c) (d)

Figure 4: Energy in Gev deposited in each gap of the module 0 for (a)

a electron of 50 GeV, (b) a photon of 100 GeV, (c) a photon of 50 GeV

without the pre-shower detector. All these particles were emitted at � = 0:2

and � = 0:3 as a function of the gap number (1 to 64). (d) Same distribution

for a photon of 50 GeV emitted in the 1.13 mm thickness part. On each of

these plots is given the �tted sigma value in number of gaps.
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5.3 Test of Choice functions

The knowledge of the lead plate thickness over their all surface allows to

compute choice functions giving both information on the local and global


uctuation of each plate thickness.

Having built n absorbers in a module, the most naive choice function to

pick up a lead plate which can be thought about is based on each top plate.

We can, for instance, take the plate whose average thickness is the nearest

to the nominal value. But doing that, we don't use the available information

coming from the existing absorbers already put in the module nor the infor-

mation based on the structure of the lead plates still in the heaps available

to make the next absorbers. As the number of plates seen by an electro-

magnetic shower is �ve, we decided to use information from 2 plates from

the 2 last already built absorbers and from 3 plates available on the heaps.

Each of these three plates corresponds to a plate which would be on top of

a heap after we would have picked up the previous one. In other words, we

use information on plates which can be buried in the heaps at a maximum

depth of 3 plates.

Global shape information are obtained from averages over a large domain

of a plate whereas local information is given from few measurements located

close to each other. The most global information over a 5 plates con�gu-

ration is then the mean thickness computed from every single measurement

from every plate. The most local information is the mean over the 5 plates

of the thickness measurements taken at the same point. We have to �nd a

compromise between the long and the short range information to compute a

choice function. Indeed, on one hand, using only long range quantities can

be very ineÆcient as global compensation can occur. As an illustration of

that fact, imagine a plate with half of it being 20 � thinner than the nominal

thickness and the second half being 20 � thicker, globally the mean thickness

would be the nominal value. Therefore, choosing such a plate without further

consideration can create a very bad 
uctuation in the local response of the

detector. On the other hand, short range criteria could reject a very good

plate because of a very local default. As we choose a whole plate each time,

both kinds of information must be used.

A convenient estimator of the local plate thickness quality is the di�er-

ence to the nominal thickness : ei � en. Thus, we will naturally construct

the choice functions with this quantity.

As the 
uctuation in the r direction is much smaller than the one in the

9



z direction, we decided to use local information on the z structure of the lead

plates. More precisely, we de�ned 60 cells in � as represented on �g. 2. Be-

cause of the large number of � cells, this segmentation is roughly equivalent

to a z segmentation.

Then, we naturally de�ne choice functions with the functional form :

X
i2cell

���� X
j2plate

wj (ei � en)

����
�

where � is a certain power and wj a weight factor. These weight factors

are respectively 1 and 2 for the two plates already in the module and 3, 2,

1 for the three plates used to compute the choice function. This procedure

cancels any degenerated solutions space (with no weight, we could �nd sit-

uations where taking plates in reverse orders would give the same value of

the choice function) and gives a predominance to the plate to be chosen in

the choice function value. Moreover, a natural idea is to attribute weights

relatively to the fraction of the shower seen by each plate. The weights that

we have applied are an approximation of the shower tranverse energy density

distribution in order to have a physically motivated weighting.

5.4 Respect of technical constraints

The algorithms that we wrote and tested are meeting two key-points imposed

by the organisation of the production process. The �rst one is due to the

very delicate manipulation of lead plates which is done with a system based

on a vacuum pump and an armada of succion pads. In order not to damage

the plates, each of them should not be moved except to be used in the

module being built. The second technical constraint taken into account is

the di�erence of thickness between the 1.53 mm plate and the 1.13 mm plate

at the interface of each absorber. We took into account the constraint :

je1:53 � e1:13j = 0:4� 0:02

around a region of 20 cm around the � = 0:8 cut line. This constraint is

supposed to avoid bubbles when the absorber is built up.

5.5 The �nal con�guration

Using real data, we tested di�erent values of the power � given in the previous

equation, trying to minimize the value of our estimator. It turned out that

the best exponent sits around 1. Therefore, the module 0 matching will be

10



done using an exponent exactly equal to 1. The �nal choice function is then :X
i2cell

���� X
j2plate

wj (ei � en)

����

6 Simulation results on toy thickness distri-

butions

In order to test our ideas and methods, we used di�erent `toy' distributions

of lead plate thickness. As a �rst try, we used plates with distributed thick-

ness but without local inhomogeneities. We used equiprobable distributions

and gaussian distributions. We also investigated the consequences of heaps

constitution. We especially tested a distribution of plates whose thickness

increased gradually in order to see how our algorithms could make vanish

a very strong plate to plate correlation intendedly put in the heaps. These

simulations showed that we could even in this case decrease the 
uctuation of

the thickness averaged over 5 plates by 50 % compared to the one obtained

with an uncorrelated distribution whose plates would have been chosen in

the heaps order.

7 Results on real thickness distribution

The di�erent algorithms were also tested with the real distribution of plates

as it was available in the hall IN2P3 at Orsay. We compared our algorithm to

the case where the plates were chosen in the order of the heap (1st of the 1st

heap, 2nd of the 1st heap, : : : ,last of the last heap) and with the \orthogonal"

order (1st of 1st heap, 1st of 2nd heap, : : : , last of last heap). Depending upon

the way heaps were built, one mode corresponds to constructing absorbers

with a succession of plates having the same 
uctuation dependence as the one

produced by the laminating process and the other to a large breaking of this

correlation. The second case can roughly be considered as being equivalent

to an uncorrelated distribution of plates because all plate to plate correlation

is broken by the dealing procedure. In that case, correlations between plates

being on top of a heap are almost null since these plates were produced either

from a di�erent lead roll or at a non-adjacent place on the same roll.

We did the analysis both for 1.13 mm plates and 1.53 mm. As the lami-

nating production process is roughly the same for both kind of thickness, the

� on the thickness (e) of the two kind of plates is the same. Consequently,

�
(5)

1:1=e1:1 (for 1.13 plates) is bigger than �
(5)

1:5=e1:5 (for 1.53 plates). We give

below the obtained results on the 1:13 and 1:53 plates for the three cases

discussed above :
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Matching method �
(5)

1:1=e1:1 �
(5)

1:5=e1:5

In the order of heap 7:4 10�3 2:3 10�3

In the orthogonal order 5:48 10�3 2:3 10�3

Our Matching 4: 10�3 2:2 10�3

It turns out that for 1:13 plates, our weighting procedure induces a subtantial

gain whereas for the 1.53, the gain is smaller. This is due to the fact that the

1.53 plate distribution was already of good quality. Figure 5 shows the map

of the Module 0 actually built (60 �-cells � 64 plates). Figure 6 shows the �

pro�les of the Module 0 for both 1:13 mm and 1:53 mm parts. Figure 7 shows

the distribution of �-cell thickness for each individual plate or averaged over

5 plates. These distributions were used to extract the thickness 
uctations

quoted in the previous table. Figure 7.(b) exhibits a small peak around

1:13 mm. This peak is due to the last 4 plates of the modules which were

chosen by the pairing program at a time when there were very few remaining

plates on the 1:13 mm heaps and consequently a limited choice. Figure 8

shows the same distribution than �gure 7.(b) but with the last 4 plates of the

modules removed showing clearly the origin of the bump. During the series

production such an e�ect should not occur since heaps will be repeatedly

loaded with new plates.

As the relation between �(5)=e and the constant term C was determined

from a simulation to be about (see �gure 9) :

C '

s�
0:53

�(5)

e

�2

+ 0:252

and

C '

s�
0:44

�(5)

e

�2

+ 0:32

respectively at � = 0:3 and � = 1:1 [3], we can quote constant term con-

tributions from lead inhomogeneities to be : C1:1 = 1:8 � 10�3 and C1:5 =

1:17� 10�3.

8 Conclusion

Finally, we have reached the goal for Module 0 and achieved a contribution

from lead thickness inhomogeneities to the constant term smaller than 0:3 %.

We can quote constant term contributions from lead inhomogeneities should

be for the Module 0 :

C1:1 = 1:8� 10�3 and C1:5 = 1:17� 10�3

This will be checked in the coming beam tests.
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Figure 5: (a) Individual thickness map of Module 0 (60 �-cells � 64 ab-

sorbers). (b) Averaged over 5 absorbers thickness map of module 0
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Figure 6: (a) Individual thickness �-pro�le of the 1.13 mm part of the Module

0. (b) Averaged (over 5 plates) thickness �-pro�le of the 1.13 mm part of

the Module 0. (c) Individual thickness z-pro�le of the 1.53 mm part of the

Module 0. (d) Averaged (over 5 plates) thickness �-pro�le of the 1.53 mm

part of the Module 0. The multiple lines which are observed re
ect the

projection on the �-axis of the 2D-map of the Module 0 (60 �-cells � 64

absorbers).
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Figure 8: Same distribution as �gure 7.b but without the last four 1.13

plates. The peak around 1:13 mm has disapeared. This peak re
ects the

small number of available plates at the end of the construction of the Module

0. This e�ect should not occur during the series production since heaps will
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tuation of the mean thickness over 5 plates divided by the nominal thickness

of the lead plates.
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